Abstract: Polypropylene (PP) large pore size nets have been most widely used implants for hernia repair. Nevertheless, the growth of bacteria within PP mesh pores after operation is a major reason of hernia recurrence. Secondly, pre-operative prophylaxis during mesh implantation has failed due to the hydrophobic nature of PP meshes. Herein, chitosan cross-linked and levofloxacin HCl incorporated, antimicrobial PP mesh devices were prepared using citric acid as a bio-based and green cross-linking agent. The inert PP mesh fibers were surface activated using O 2 plasma treatment at low pressure. Then, chitosan of different molecular weights (low and medium weight) were cross-linked with O 2 plasma activated surfaces using citric acid. Scanning electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, and Fourier transform infrared (FTIR) spectroscopy confirmed that chitosan was cross-linked with O 2 plasma-treated PP mesh surfaces and formed a thin layer of chitosan and levofloxacin HCl on the PP mesh surfaces. Moreover, antimicrobial properties of chitosan and levofloxacin HCl-coated PP meshes were investigated using an agar plate release method. The coated PP meshes demonstrated excellent antimicrobial inhibition zone up to 10 mm. Thus, modified PP meshes demonstrated sustained antimicrobial properties for six continuous days against Staphylococcus aureus (SA) and Escherichia coli (EC) bacteria.
Introduction
Light weight polypropylene (PP) mesh implantation for hernia repair has been performed to reinforce damaged tissues of the abdominal wall [1] . The recurrence rate of repaired hernia has been reduced marginally by using synthetic PP implants [2] [3] [4] . However, after PP mesh implantation, infection can be rare (1%-4%) [5, 6] , but subsequent failure of hernia mesh devices cannot be undervalued [7, 8] . Reasons for infection may be the colonization of bacteria of the uneven knitting surfaces of PP meshes which may cause fistula formation around its pore size and result in the formation of granuloma [9] . In fact, pre-operative prophylaxis has no impact on mesh infection prevention because of non-absorbent PP characteristics [10, 11] . Mesh infection is difficult to cure, considering continuous antibiotic therapy for a longer duration time, or it may result in the removal of implants [12] . Therefore, mesh infections should be cured in the very early stages, during mesh implantation [13] .
Plasma treatment is an effective method used to modify the surfaces of biomaterials [14] [15] [16] . Among other plasma processes, cold oxygen plasma has been reported as a suitable process [17] [18] [19] 
Materials and Methods

Materials
Light weight (27 g/m 2 ) PP mono filament meshes with pore sizes 2.5 mm × 3.5 mm were purchased from Nantong Newtec Textile and Chemical Fiber Co. Ltd. China (Nantong, China). Levofloxacin hydrochloride (98%) was purchased from Energy Chemicals Shanghai China (Shanghai, China). Citric acid monohydrate and acetic acid were received of analytical reagents.
Surface Functionalization of PP with Oxygen Plasma
PP mesh devices (10 cm × 10 cm) were functionalized using cold oxygen plasma (HD-300) at low pressure. All samples were surface activated for 5 min at 45 W. The oxygen gas flow was kept at less than 0.2 bar.
Preparation of Chitosan and Levofloxacin HCl Solution and Coating onto PP Meshes
The antibacterial solution was prepared following the pad dry method described by Avetta et al. [27] . Chitosan of low molecular weight (CH-LMW) and medium molecular weight (CH-MMW) were dissolved in deionized water with acetic acid. The solution was stirred for 12 h at room temperature using a magnetic stirrer at 150 rpm. Then, levofloxacin HCl was poured into the solution of chitosan and stirred for a further 2 h to mix the antimicrobial homogeneously. The overall concentration maintained in the solution was chitosan 2.0 wt % (low and medium), levofloxacin HCl (0.2%), citric acid (2%) and acetic acid (0.5%) was added to dissolve the chitosan.
Plasma-treated meshes were dipped in the chitosan solution and padded through horizontal padding at 90% pick up (1.2 bar pressure). The mesh devices were padded twice to get an even coating on the whole mesh surfaces. Moreover, coated samples were first dried at 40 °C and then cured at 70 °C for 10 min to perform the cross-linking of chitosan with the plasma-treated fibers.
Characterization
SEM and EDX
Chitosan and levofloxacin HCl-modified PP meshes were evaluated for surface morphology by scanning electron microscopy (Quanta SEM 250, FEI, Waltham, MA, USA). Samples were used for coating platinum (Pt) before SEM scanning. Moreover, element analysis of chitosan and levofloxacin HCl-modified PP mesh devices was performed using energy dispersive X-ray spectroscopy (ISIS 300, Oxford Instruments, Oxfordshire, UK). 
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FTIR
The surface structures of the modified and control meshes were investigated using Fourier transform infrared spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) of attenuated total reflection (ATR). The FTIR range used to analysis the structure was between 4000-500 cm −1 .
Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD)
A DSC (Pyris, Perkin Elemer, Waltham, MA, USA) test was performed to get the melting temperature of the chitosan and levofloxacin HCl-coated and untreated samples. All samples were scanned in the temperature range of 30-300 • C at 20 • C/min.
Moreover, chitosan and levofloxacin-coated and untreated samples were characterized using an X-ray diffractometer (Rigaku D/MAX 2550/PC, Tokyo, Japan). The range of crystallization analysis was 5 • to 60 • (2θ) and the testing rate was set at 0.02 • /min.
Antibacterial Activity
The antibacterial activity of chitosan (low and medium molecular weight) was investigated using a simple agar diffusion plate test method. A specific amount of 400 µL of bacteria (Staphylococcus aureus (SA) and Escherichia coli (EC)) of 1 × 10 8 colony forming units (CFU)/mL was poured on agar plates. Then, treated and untreated samples (1 cm × 1 cm) were placed onto the center of the agar plates and all samples were incubated in an oven at 37 • C for 24 h [41] . The zone of inhibition of each sample was measured in all four directions and described as an average antibacterial inhibition zone value. The formula for the zone of inhibition was C = (K − B)/2 where C = inhibition zone, K = inhibition zone after incubation (24 h), and B is the original sample (1 × 1) without antibacterial activity.
Furthermore, PP-untreated and chitosan-treated samples were analyzed for their antibacterial release properties. Each day samples were transferred to new agar plates and fresh bacteria were poured. Thus, after 24 h the inhibition zone was measured and compared with the previous one. The antibacterial release performance was continued until the modified meshes sustained antibacterial activity.
Statistical Analysis
The standard deviation and mean are reported in Figure 8 . However, standard bars in the figures represent standard deviation. One-way single factor ANOVA was performed to find out the actual differences for each sample. The figure data is marked with p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*). Thus, the value of p < 0.05 (*) was chosen as a confidence interval value.
Results and Discussion
Chitosan and Levofloxacin Coating onto PP Mesh Surfaces
Chitosan was cross-linked with PP meshes using citric acid monohydrate, as shown in the reaction scheme ( Figure 2 ). Chitosan of low molecular weight and chitosan of medium molecular weight with levofloxacin HCl were prepared using acetic acid and stirred for 12 h, after which citric acid monohydrate was poured into the solutions prior to 2 h of coating. The coating solutions containing CH-LMW and CH-MMW were separately padded onto O 2 plasma activated surfaces of PP meshes. The coated meshes were dried and cured at 70 • C for 10 min to cross-link chitosan with the PP mesh surfaces. The average corresponding weight of the samples of low molecular weight (2.05 ± 1.3%) and medium molecular weight (4.1% ± 0.8%) was increased. The result was that a thin layer of chitosan with levofloxacin HCl was obtained onto the plasma activated PP fiber surfaces. Thus, plasma-treated PP meshes of CH-MMW received more amounts of surface coating in comparison to CH-MMW. 
Surface Morphology of Chitosan and Levofloxacin HCl-Modified PP Meshes
SEM images of chitosan and levofloxacin HCl-modified plasma-treated and -untreated PP meshes are shown in Figure 3 . It can be observed that the untreated PP meshes display noticeable line marks on their surfaces (Figure 3a ) with bright surface structures, but after oxygen plasma treatment such line marks are missing, showing ( Figure 3b ) relatively dull and even surfaces. The plasma-treated fibers have regular surfaces in comparison to the untreated meshes. Moreover, the low molecular weight chitosan and levofloxacin-coated meshes display ( Figure 3c ) an even thin layer across the whole spherical diameter of the fibers. However, it can be observed that the medium weight chitosan and levofloxacin HCl completely coated the ( Figure 3d ) plasma-activated PP fibers with a thick and sticky layer. It can be seen that the sticky layer (the CH-MMW) stretches across the whole surface of the PP fibers, showing a more even coating than the CH-LMW coating. Thus, it can be summarized that medium molecular weight chitosan can coat PP fibers more effectively. The reason for the thick and even surface coating may be the oxygen plasma treatment, which may enhance the adhesion of the chitosan and levofloxacin HCl coating [19] . 
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Characterization of Chitosan and Levofloxacin HCl-Modified PP Devices
Figure 4 displays energy dispersive X-ray spectroscopy peaks for the identification of the surface chemical structures of the PP meshes and the plasma-treated and chitosan and levofloxacin HClmodified mesh devices. The PP control meshes displayed a 100% carbon peak at 0.4 keV. Nevertheless, the plasma-treated meshes confirmed a carbon atom at a similar 0.4 keV mark but an additional oxygen (O) atom peak (2.9%) was observed at 0.7 keV. Moreover, CH-LMW-coated PP meshes displayed an increase in oxygen (13.31%) atoms and additionally, two peaks of nitrogen and fluorine can be observed around 0.8 keV. Furthermore, medium molecular weight chitosan and levofloxacin HCl-coated samples displayed same atoms similar to CH-LMW but with increased atomic weight percentages, indicating the good efficiency of the chitosan layer when making it onto the PP surfaces. These results are in accord with published paper [27] , except that we received an additional peak of levofloxacin HCl, which is the most commonly used antimicrobial for infection prevention. Thus, cold oxygen plasma is shown to be an important process regarding enhancing surface adhesion for the coating of chitosan and levofloxacin HCl onto PP mesh surfaces. Figure 4 displays energy dispersive X-ray spectroscopy peaks for the identification of the surface chemical structures of the PP meshes and the plasma-treated and chitosan and levofloxacin HCl-modified mesh devices. The PP control meshes displayed a 100% carbon peak at 0.4 keV. Nevertheless, the plasma-treated meshes confirmed a carbon atom at a similar 0.4 keV mark but an additional oxygen (O) atom peak (2.9%) was observed at 0.7 keV. Moreover, CH-LMW-coated PP meshes displayed an increase in oxygen (13.31%) atoms and additionally, two peaks of nitrogen and fluorine can be observed around 0.8 keV. Furthermore, medium molecular weight chitosan and levofloxacin HCl-coated samples displayed same atoms similar to CH-LMW but with increased atomic weight percentages, indicating the good efficiency of the chitosan layer when making it onto the PP surfaces. These results are in accord with published paper [27] , except that we received an additional peak of levofloxacin HCl, which is the most commonly used antimicrobial for infection prevention. Thus, cold oxygen plasma is shown to be an important process regarding enhancing surface adhesion for the coating of chitosan and levofloxacin HCl onto PP mesh surfaces. 
Figure 4 displays energy dispersive X-ray spectroscopy peaks for the identification of the surface chemical structures of the PP meshes and the plasma-treated and chitosan and levofloxacin HClmodified mesh devices. The PP control meshes displayed a 100% carbon peak at 0.4 keV. Nevertheless, the plasma-treated meshes confirmed a carbon atom at a similar 0.4 keV mark but an additional oxygen (O) atom peak (2.9%) was observed at 0.7 keV. Moreover, CH-LMW-coated PP meshes displayed an increase in oxygen (13.31%) atoms and additionally, two peaks of nitrogen and fluorine can be observed around 0.8 keV. Furthermore, medium molecular weight chitosan and levofloxacin HCl-coated samples displayed same atoms similar to CH-LMW but with increased atomic weight percentages, indicating the good efficiency of the chitosan layer when making it onto the PP surfaces. These results are in accord with published paper [27] , except that we received an additional peak of levofloxacin HCl, which is the most commonly used antimicrobial for infection prevention. Thus, cold oxygen plasma is shown to be an important process regarding enhancing surface adhesion for the coating of chitosan and levofloxacin HCl onto PP mesh surfaces. FTIR spectra of chitosan and levofloxacin HCl-coated meshes are shown in Figure 5 . The PP control fibers displayed identical peaks at 2951, 2918, 1453, and 1378 cm −1 [42, 43] . However, when excluding the PP fiber original peaks, a new peak (Figure 5a ) at 3347 cm −1 may be observed, which may be due to the oxygen plasma treatment which provides an OH group to the PP fiber surfaces. Moreover, as shown in Figure 5b , chitosan-coated modified meshes show a slight change in the vibration band at 3398 cm −1 , but the peak height was more in alignment with the oxygen plasma-treated fibers. The chitosan-coated modified PP meshes also show an additional cross-linking peak at 1715 cm −1 , which may be due to the formation of a carbonyl group. However, amide I and amide II were observed at 1625 and 1215 cm −1 , respectively. The C-O stretch of chitosan was seen within the fingerprint region at 1070 cm −1 for the medium-weight chitosan-coated meshes. These results are in accord with published paper [27] , but most notably in our work we found extra peaks at 1715 cm −1 , which are due to the formation of a carbonyl group. The reason for the formation of a peak at 1070 cm −1 specially for the CH-MMW meshes may be due to the better coating efficiency of chitosan onto the oxygen-treated PP meshes in comparison with the CH-LMW coating.
Coatings 2019, 9, x FOR PEER REVIEW 7 of 12 FTIR spectra of chitosan and levofloxacin HCl-coated meshes are shown in Figure 5 . The PP control fibers displayed identical peaks at 2951, 2918, 1453, and 1378 cm −1 [42, 43] . However, when excluding the PP fiber original peaks, a new peak (Figure 5a ) at 3347 cm −1 may be observed, which may be due to the oxygen plasma treatment which provides an OH group to the PP fiber surfaces. Moreover, as shown in Figure 5b , chitosan-coated modified meshes show a slight change in the vibration band at 3398 cm −1 , but the peak height was more in alignment with the oxygen plasmatreated fibers. The chitosan-coated modified PP meshes also show an additional cross-linking peak at 1715 cm −1 , which may be due to the formation of a carbonyl group. However, amide I and amide II were observed at 1625 and 1215 cm −1 , respectively. The C-O stretch of chitosan was seen within the fingerprint region at 1070 cm −1 for the medium-weight chitosan-coated meshes. These results are in accord with published paper [27] , but most notably in our work we found extra peaks at 1715 cm −1 , which are due to the formation of a carbonyl group. The reason for the formation of a peak at 1070 cm −1 specially for the CH-MMW meshes may be due to the better coating efficiency of chitosan onto the oxygen-treated PP meshes in comparison with the CH-LMW coating. 
Thermal and Structural Properties
As shown in Figure 6a , the PP meshes without treatment, and those coated with chitosan and levofloxacin HCl, have no identical differences except that the control PP mesh has more peak height. Moreover, all three samples-PP control, CH-LMW, and CH-MMW-have almost the same melting temperatures, these being 148.5, 148.9, and 149.05 °C, respectively. Thus, there is a slight increase in melting temperature as chitosan coating is applied to the PP mesh surfaces. Overall, there is no difference in melting temperature between the treated and untreated PP meshes. Figure 6b displays XRD patterns of chitosan-coated and non-coated PP meshes. It can be observed that the PP meshes coated with low molecular weight chitosan, medium molecular weight chitosan, and those which are untreated exhibited similar pattern peaks and crystal structures for the 2θ range 5°-60°. Therefore, there are no identical structural changes before and after the surface modification of the PP meshes. 
As shown in Figure 6a , the PP meshes without treatment, and those coated with chitosan and levofloxacin HCl, have no identical differences except that the control PP mesh has more peak height. Moreover, all three samples-PP control, CH-LMW, and CH-MMW-have almost the same melting temperatures, these being 148.5, 148.9, and 149.05 • C, respectively. Thus, there is a slight increase in melting temperature as chitosan coating is applied to the PP mesh surfaces. Overall, there is no difference in melting temperature between the treated and untreated PP meshes. Figure 6b displays XRD patterns of chitosan-coated and non-coated PP meshes. It can be observed that the PP meshes coated with low molecular weight chitosan, medium molecular weight chitosan, and those which are untreated exhibited similar pattern peaks and crystal structures for the 2θ range 5 • -60 • . Therefore, there are no identical structural changes before and after the surface modification of the PP meshes. 
Antibacterial Activity
Antibacterial properties of the chitosan and levofloxacin HCl (CH-LMW and CH-MMW) and untreated meshes are shown in Figure 7 . Untreated PP mesh fibers were unable to resist bacterial (EC and SA) growth. Thus, there is no inhibition zone (Figure 7a,b) around the PP control samples. Nevertheless, the CH-LMW and levofloxacin HCl-coated PP meshes demonstrated suitable antibacterial properties. The CH-LMW-coated meshes displayed an average inhibition zone of 8.1 and 8.6 mm for SA and EC, respectively. However, in the case of the CH-MMW and levofloxacin coated samples, these demonstrated better average inhibition zones of 10.1 and 10.9 mm for SA and EC, respectively. Thus, the CH-MMW samples demonstrated a bigger average inhibition zone than the CH-LMW samples.
Thus, it was confirmed that PP control does not exhibit antibacterial properties. For this reason, the CH-LMW and CH-MMW samples were assessed for their antimicrobial release properties. Both samples (CH-LMW and CH-MMW) were further tested (Figure 8 ) against SA and EC by a release method. As shown in Figure 8a , the average initial inhibition zones for the CH-LMW samples for the first day against SA and EC were 8.01 and 8.533 mm, respectively. CH-LMW demonstrated antibacterial release properties for four days against SA and EC bacteria. EC displayed a bigger inhibition zone than SA over the four days. However, the minimum inhibition zones for SA (0.5 mm) and EC (0.8 mm) were measured on the fourth day.
Moreover, antimicrobial properties of CH-MMW samples sustained (Figure 8b ) for 6 days. CH-MMW samples displayed 11 and 10.1 mm inhibition zone for SA and EC, respectively. This was greater inhibition zone than CH-LMW. However, similarly like CH-LMW, EC shown bigger inhibition zone during entire 6 days but on 4 th day zone of inhibition was almost same for SA and EC. Minimum average inhibition zone for SA (0.3 mm) and EC (1.2 mm) were seen on day 6. According to previous published papers author reported chitosan functionalized PP meshes [29] only 4 days of drug release was achieved [27] . However, antimicrobial results for CH-MMW shown better results and sustained antibacterial release up to 6 days. This may be due to the surface functionalization of PP meshes with oxygen plasma as literature described that cold oxygen plasma is a more suitable surface treatment than other plasma treatments [19, 40] . Secondly citric acid is a good cross-linker and has been used commonly to connect hydroxyl group with chitosan [30] . Therefore, formation of hydroxyl group on PP surfaces given advantage to connect oxygen plasma treated PP fibers with chitosan. The results of SEM, FTIR and antimicrobial release method proved that chitosan and levofloxacin layer was cross-linked with plasma activated surfaces which gave better results of antimicrobial. 
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Conclusion
In this study, chitosan of low molecular weight and chitosan of medium molecular weight with levofloxacin HCl were successfully coated onto oxygen plasma-treated PP mesh fiber surfaces. Plasma activation created adhesion on the surfaces of the PP fibers, which was utilized to connect PP meshes with chitosan in presence of citric acid. The result was a thin layer of chitosan and levofloxacin HCl coating the PP meshes. FTIR confirmed that chitosan was successfully attached and cross-linked with the PP mesh fibers.
Moreover, the chitosan and levofloxacin HCl-modified PP meshes demonstrated excellent antimicrobial inhibition zones and antimicrobial release properties which were sustained for six days. Thus, a green and bio-based chitosan with suitable antimicrobial properties could be used for mesh infection prevention during hernia repair. 
